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Interactiona b s t r a c t
In vitro cytotoxicity assays are essential tools in the screening of engineered nanomaterials (NM) for cel-
lular toxicity. The resazurin live cell assay is widely used because it is non-destructive and is well suited
for high-throughput platforms. However, NMs, in particular carbon nanotubes (CNT) can interfere in
assays through quenching of transmitted light or ﬂuorescence. We show that using the resazurin assay
with time-point reading of clariﬁed supernatants resolves this problem. Human lung epithelial (A549)
and murine macrophage (J774A.1) cell lines were exposed to NMs in 96-well plates in 200 lL of
media/well. After 24 h incubation, 100 lL of supernatant was removed, replaced with resazurin reagent
in culture media and aliquots at 10 min and 120 min were transferred to black-wall 96-well plates. The
plates were quick-spun to sediment the residual CNTs and ﬂuorescence was top-read (kEx = 540 nm,
kEm = 600 nm). The procedure was validated for CNTs as well as silica nanoparticles (SiNP). There was
no indication of reduction of resazurin by the CNTs. Stability of resoruﬁn, the ﬂuorescent product of
the resazurin reduction was then assessed. We found that polar CNTs could decrease the ﬂuorescence sig-
nal for resoruﬁn, possibly through oxidation to resazurin or hyper-reduction to hydroxyresoruﬁn. This
effect can be easily quantiﬁed for elimination of the bias. We recommend that careful consideration must
be given to ﬂuorimetric/colorimetric in vitro toxicological assessments of optically/chemically active NMs
in order to relieve any potential artifacts due to the NMs themselves.
Crown Copyright  2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Clearer understanding of the toxicological behavior of nanoma-
terials (NM) is emerging with an increasing number of studies uti-
lizing in vitro methodologies for toxicological assessments
(Rodriguez-Yanez et al., 2012; Yang and Liu, 2012). Many of the
assays utilize colorimetric and ﬂuorimetric detection methods.
One such assay, the resazurin assay is utilized to measure cell via-
bility, based on the reduction of blue, non-ﬂuorescent resazurinto pink, ﬂuorescent resoruﬁn by metabolically active cells
(O’Brien et al., 2000). The cellular reduction of resazurin occurs by
metabolic enzymes located in the mitochondria, cytosol and the
microsomal fractions (de Fries and Mitsuhashi, 1995; Gonzalez
and Tarloff, 2001). The decrease in the magnitude of resazurin
reduction below control levels indicates cytotoxicity (loss of cell
viability). The test is simple, rapid, versatile, cost-effective and
shows a high degree of correlation with cytotoxicity assessed by
other methods, such as MTS (Riss and Moravec, 2004).
Some drawbacks of conducting resazurin-based cytotoxicity
assessments have been previously identiﬁed (De Jong and
Woodlief, 1977; Goegan et al., 1995; O’Brien et al., 2000). First, res-
azurin can be reduced by antioxidant components of cell culture
media such as ascorbic acid, cysteine or dithiothreitol, giving rise
to higher background levels (De Jong and Woodlief, 1977). The
apparent rate of reduction of resazurin is also sensitive to the pres-
ence of protein in the cell culture medium (Goegan et al., 1995).
Moreover, an extensive hyper-reduction of resoruﬁn (pink) by
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resoruﬁn (colorless) has also been observed, with a potential for an
underestimation of cell activity (O’Brien et al., 2000).
As recently documented, numerous assays are susceptible to
interference from test compounds, including particulates, such as
NMs. Chemical interactions of NMs, such as single-wall carbon
nanotubes (CNT), carbon black or carbon nanohorns with reporters
in test assays or their inherent optical properties can interfere with
the analytical methods which utilize absorbance, ﬂuorescence and
luminescence techniques (Casey et al., 2007; Doak et al., 2009;
Geraci and Castranova, 2010; Isobe et al., 2006; Kroll et al., 2009,
2012; Monteiro-Riviere et al., 2009; Ong et al., 2014; Oostingh
et al., 2011; Worle-Knirsch et al., 2006). For example, single-wall
CNTs chemically interact with 3-(4,5-dimethylthiazole-2-yl)-2,5-
biphenyl tetrazolium bromide (MTT), 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS), resazurin (Alamar Blue; AB/CellTiter-Blue; CTB), Neutral Red,
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tet-
razoliummonosodium salt (WST-1) and Coomassie blue, leading to
unreliable results (Casey et al., 2007; Isobe et al., 2006; Monteiro-
Riviere et al., 2009; Worle-Knirsch et al., 2006).
Within the standard framework it is vital that each assay mea-
surement is free of artifacts due to the presence of the NMs. In this
communication we speciﬁcally focus on the effects of CNTs on ﬂuo-
rescence and identify a simple approach to relieve the confounding
effects of CNTs in the resazurin-based assay, including physical
quench and chemical interference, so that reliable and consistent
assessment of CNT toxicity can be achieved.2. Methods
2.1. Test materials
Single-wall CNTs, CNT-1 and CNT-2 were obtained from the lab-
oratory of Dr. Benoit Simard (NRC, Ottawa, ON, Canada). Multi-wall
CNTs, CNT-3 and CNT-4 were obtained from Sun Nanotech (Beijing,
China). Single-wall CNTs were synthesized by a pulsed laser-oven
method using cobalt and nickel as catalysts (Kingston et al.,
2004). Multi-wall CNTs were produced by chemical vapor deposi-
tion using iron as catalyst. Multi-wall CNTs had a diameter of 10–
30 nm and >80% purity.
All of the CNTs were previously characterized for speciﬁc sur-
face area and pore volume (SBET; Table 1S), size (TEM; Fig. 1S),
metal content (ICP-AES; Table 2S), surface functionalities (FTIR;
Fig. 2S) and the hydrodynamic diameter in liquid media (DLS;
Table 3S) and published elsewhere (Kumarathasan et al., 2012,
2014). Single-wall CNTs and multi-wall CNTs were surface-modi-
ﬁed by an oxidation process following our previously reported pro-
cedure (Kumarathasan et al., 2012). In brief, the oxidized materials
had 30–80% lower content of metal species (e.g. Ni, Fe, Co, Mo),
contained polar surface –COOH groups, had shortened length and
a decreased speciﬁc surface area (Kumarathasan et al., 2012), as
well as showed lower tendency to ﬂocculate and had smaller
hydrodynamic diameter, than their pristine CNT counterparts
(Kumarathasan et al., 2014). From here on, pristine single-wall
CNTs, oxidized single-wall CNTs, pristine multi-wall CNTs and oxi-
dized multi-wall CNTs will be referred to as CNT-1, CNT-2, CNT-3
and CNT-4, respectively.
Amorphous silica nanoparticles; SiNP-1 (10–20 nm, cat #
637238) and SiNP-2 (12 nm, cat # 718483) were obtained from
Sigma–Aldrich Canada Co. (Oakville, ON, Canada). Brieﬂy, from
the Sigma–Aldrich product speciﬁcation sheets and certiﬁcates of
analysis, SiNP-1 was determined to be an amorphous nanopowder,
with 20 nm average size particles (SAXS) and 30 ppm trace metals
content (ICP), while SiNP-2 was determined to be an amorphousnanopowder, with 12 nm primary particle size (TEM), 210 m2/g
surface area (SBET) and 30.7 ppm trace metals content (ICP). Stan-
dard Reference Materials (SRMs); SiO2 (respirable cristobalite,
SRM-1879a), TiO2 (titanium dioxide, SRM-154b) were from the
National Institute of Standards and Technology (Gaithersburg,
MD, USA).
CTB (resazurin) reagent was purchased from Promega (Fitch-
burg, WI, USA). Cell culture media and supplements were obtained
from Hyclone (Logan, UT, USA). All other reagents were purchased
from Thermo-Fisher (Nepean, ON, Canada).
2.2. Preparation of particles for testing
To prepare stocks, CNTs and all additional particles were
weighed and re-suspended in sterile particle preparation buffer
(Tween-80, 25 lg/mL; NaCl, 0.19% w/v) to ﬁnal concentration of
3 mg/mL and 10 mg/mL, as required, using a Dounce glass homog-
enizer (Nadeau et al., 1996). The particle suspensions were soni-
cated in ice-cold water for 20 min using a Branson 1510 water
bath sonicator (Branson, Shelton, CT, USA) and homogenized with
25 strokes of the homogenizer piston. The particle suspensions
were aliquoted into sterile centrifuge tubes with O-ring seals and
sterilized in an Isotemp water bath (Thermo-Fisher) at 56 C for
30 min (Vincent et al., 1997). For experiments, particle suspensions
were diluted with the appropriate serum-free culture medium and
particle preparation buffer to make ﬁnal particle concentrations to
be applied to the cell cultures, which were sonicated for additional
10 min prior to dosing. Note, that TiO2 particles were washed three
times with methanol and three times with phosphate buffered sal-
ine prior to the preparation of the stocks (Vincent et al., 1997).
2.3. Cell culture
A549, human alveolar type II epithelial cells and J774A.1, BALB/c
murine macrophages (ATCC, Manassas, VA, USA) were maintained
in DMEM/high glucose culture medium containing phenol red and
2 mM L-glutamine (Hyclone, SH30022.01). Ten (10) % fetal bovine
serum (FBS) (Hyclone, SH3039603) and 50 lg/mL of gentamicin
(Sigma, G1397) were added into T-75 culture ﬂasks and cells were
kept in a humidiﬁed incubator at 37 C, 5% CO2, 100% humidity
until conﬂuence. For passaging, A549 cells were routinely detached
using 0.25% trypsin with 0.2 g/L ethylenediaminetetraacetate
(EDTA) (HyClone, SH30042.01) while the J774A.1 cells were
detached using a cell scraper.
2.4. Cell exposure to particles
For experiments, A549 and J774A.1 cells were seeded in black-
wall 96-well plates at cell densities of 2  104 and 4  104 cells/
well, respectively and cultured for 24 h in phenol red-free
DMEM/high glucose media (HyClone, SH30284.01) supplemented
with 10% FBS and 50 lg/mL of gentamicin prior to exposure to par-
ticle suspensions. Following incubation, cells were exposed to 0,
10, 30 and 100 lg/cm2 doses of CNTs (equivalent to 0.0165, 0.05,
0.165 mg/mL) using the Liquidator 96 instrument (Mettler-Toledo,
Columbus, OH, USA) in serum-free media. The ﬁnal content of each
well was 200 lL, with 5% FBS. The cells were then incubated for
additional 24 h.
2.5. Conventional resazurin assay
The conventional CTB assay was conducted using Zephyr liquid
handling instrument (Calyper, Hopkinton, MA, USA). Brieﬂy,
100 lL of supernatant was discarded from each well and replaced
with 50 lL of phenol red-free, serum-free cell culture media con-
taining CTB (resazurin) reagent (40%) for a ﬁnal ratio of (1:7.5
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reading directly in 96-well plates using Synergy 2 plate reader
(BioTek, Winooski, VT, USA) at kEx = 540/35 nm and kEm = 600/
40 nm, following the manufacturer’s recommended protocol. The
ﬂuorescence measurements were taken after 10 min and 2 h of
incubation and the difference between the two readings repre-
sented the delta ﬂuorescence for the reduced CTB dye (resoruﬁn).2.6. Modiﬁed resazurin assay
As above, 100 lL of supernatant was discarded and replaced
with 50 lL of the CTB reagent in serum-free cell culture media.
Twenty (20) lL aliquots of the medium were removed from each
well and combined with 80 lL of serum-free media (1:5 vol/vol)
in a separate black-wall 96-well reading plate, at 10 min and 2 h
post-incubation. The reading plate was shaken at 350 rpm for
30 s on a VWR microplate shaker (VWR, Mississauga, ON, Canada)
and quick-spun at 300g using a Sorvall Legend RT table-top centri-
fuge (Mandel, Guelph, ON, Canada). Fluorescence was then mea-
sured by bottom- and top-reading, with 50% dichroic mirror and
ﬁlters as described above.2.7. Cell-free controls
To assess interference of CNTs with the assay chemistry or the
detection system, cell-free control plates containing CNT suspen-
sions at 0, 10, 30 and 100 lg/cm2 and the CTB (resazurin) or res-
oruﬁn dyes in phenol red-free, serum-free media were assessed
for changes in ﬂuorescence with time essentially as above.2.8. Potency calculations
Potency of particles was calculated according to
Fold Effect ¼ ðDoseþ 1Þb ð1Þ
where potency b is the slope of the dose–response (Vincent et al.,
1997). The data was ﬁtted using Curve Expert v1.3 (D. Hyams, Hix-
son, TN, USA). The rate of reduction of resazurin to resoruﬁn is taken
as a measure of cell viability. Therefore, bV is the cytotoxic potency
estimate for the particles in the CTB assay, with negative values
indicating a decrease of reduction rate and positive values indicat-
ing an increase of reduction rate of resazurin. Reduction (increased
ﬂuorescence), oxidation and hyper-reduction (decreased ﬂuores-
cence) of assay reagents (resazurin or resoruﬁn) by nanomaterials
will bias the cytotoxic potency estimates. Speciﬁcally, reduction of
resazurin by the nanomaterial will result in underestimate of cyto-
toxicity, while decrease of ﬂuorescence of resoruﬁn by oxidation or
hyper-reduction will lead to an overestimation of cytotoxicity.
Therefore, change in ﬂuorescence in the acellular assay, under
otherwise identical conditions as the cellular assays, was ﬁtted to
Eq. (1) to estimate the magnitude of the interference (bINT). Unbi-
ased cytotoxic potency estimates (bV-INT) was obtained from
bV-INT ¼ bV  bINT ð2Þ2.9. Statistical analyses
Data were analyzed using two-way or three-way Analysis Of
Variance (ANOVA) on data relative to control (0 lg/cm2 dose).
Where the assumptions of normality and equal variance were
not satisﬁed, transformations on ln or rank were conducted prior
to analysis. Holm–Sidak multiple comparisons procedure was per-
formed to elucidate the patterns of signiﬁcant effects (a = 0.05).
The statistical analyses are presented within ﬁgure legends.3. Results
The pattern of effects presented in Fig. 1 could be interpreted as
a decrease of CTB reduction after exposure of the A549 (left panel)
and J774A.1 (middle panel) cells to CNTs for 24 h. However, an
identical pattern of ﬂuorescence can be observed in absence of
cells (right panel). That the decrease of ﬂuorescence was unrelated
to cytotoxicity, but was due rather to physical quench of photons
was obvious from the settling of CNTs after 10 min or 1 h in the
assay with cells (Fig. 2A) or without cells (Fig. 2B). However, inter-
ference was not limited to physical quench. When reduced reagent
(resoruﬁn) from spent A549 supernatant was incubated with CNTs
followed by clariﬁcation by centrifugation, a trend of a decrease of
ﬂuorescence was observed for CNT-2 and CNT-4, at the highest
dose of 100 lg/cm2 (Fig. 3). This loss of ﬂuorescence was accompa-
nied visually by decrease of pink color intensity.
The modiﬁed assay, consisting of clariﬁcation by centrifugation
prior to reading at 10 min and 2 h, resolved the major issues of
interference by physical quench in A549 cells (Fig. 4A) and
J774A.1 cells (Fig. 4B). Difference in potency of the various CNTs,
SiO2 nanoparticles and micron-sized TiO2 and SiO2 is reﬂected in
signiﬁcant Particle x Dose interaction, two-way ANOVA (A549
cells, p = 0.002; J774A.1 cells, p = 0.004). The assay now revealed
a marginally signiﬁcant effect of activation of CTB reduction or
mitogenic proliferation by high dose of SiNP-1 (p = 0.073) and a
trend of cytotoxicity of SiNP-2 in A549 cells (Fig. 4A) which con-
trasted with the pattern of effects in J774A.1 cells (Fig. 4B), in
which SiNP-1 and SiNP-2 were both cytotoxic. Contrasts in poten-
cies were also observed among the CNTs, with CNT-1 and CNT-3
being relatively non-cytotoxic by CTB assay, while CNT-2 and
CNT-4 were clearly cytotoxic in both cell lines. The apparent higher
cytotoxicity of CNT-4 by comparison to CNT-2 (decreased rate of
reduction of resazurin to resoruﬁn) is attributable in part to its
chemical interference in the assay, probably through re-oxidation
of resoruﬁn or hyper-reduction of resoruﬁn to non-ﬂuorescent
hydroresoruﬁn. The magnitude of this interference can be assessed
easily in an acellular assay, either by correcting dose by dose, or by
ﬁtting data in our potency model (bINT; Table 1). Once corrected
for bINT, potency of CNT-4 was more comparable to that of CNT-
2, notably in A549 cells.4. Discussion
In the present report, we describe the potential for interaction
of the CNTs with both single-wall CNTs and multi-wall CNTs with
the resazurin assay in two cell lines, A549 lung epithelial cells and
J774A.1 murine macrophages. Our results indicate that all CNTs
tested caused physical/optical interference with the ﬂuorescence
quantitation of reduced resazurin (resoruﬁn) when wells were
read directly with the test material (CNTs) present. This physical
quench was particularly intense for the CNTs and for other carbo-
naceous materials such as carbon black and diesel emission parti-
cles (data not shown), and less pronounced for TiO2, SiO2 and
SiNPs. As indicated by Oostingh et al. (2011), this type of interfer-
ence is expected for highly optically dense materials such as CNTs,
preventing the transmitted/emitted light from reaching the detec-
tor, or physically adsorbing the assay dye. Casey et al. (2007) have
observed a total quenching of ﬂuorescence and a complete loss of
the pink color of the reduced dye resoruﬁn, at concentrations as
low as 0.08 mg/mL of single-wall CNTs. Similarly, Monteiro-
Riviere et al. (2009) have shown ﬂuorescence quenching in the
form of decreased ﬂuorescence of HEK cell-reduced resazurin in
the presence of single-wall CNTs (>0.1 mg/mL) and carbon black.
Other NMs such as quantum dots and C60 fullerene did not interact
with the resazurin ﬂuorimetric assays.
Fig. 1. Resazurin reduction by cells measured in the presence of CNTs and after 24 h exposure (Conventional protocol): CNTs were added to A549 (left panel), J774A.1 (middle
panel) cells and media without cell (right panel) and incubated for 24 h. After 24 h, resazurin was added to all wells and ﬂuorescence was measured 2 h post-incubation by
bottom-reading. Data are average from ﬁve separate experiments (n = 5), with triplicate wells within experiments, and are presented as ratio to the zero dose control wells
(fold-effect). Average ﬂuorescence in the zero dose control wells after 2 h incubation was 12,800 ﬂuorescence units (FU), for cells, and 640 FU for wells without cells. Three-
way ANOVA with DOSE, CELL, PARTICLE as factors. DOSE  CELL interaction, p = 0.004; Holm–Sidak test, DOSE within A549 cells, 100 vs 0, 10, 30 lg/cm2, p < 0.001; DOSE
within J774A.1 cells, 0 vs 10, 30, 100 lg/cm2, p < 0.05; DOSE within No cells, 0 vs 10, 30, 100 lg/cm2, p < 0.05. PARTICLE main effect, p = 0.002; Holm–Sidak test, CNT-1 vs
CNT-4, p = 0.001, CNT-1 vs CNT-2, p = 0.041.
Fig. 2. Effect of settling of CNTs on the ﬂuorescence measurements. Resazurin was added to the A549 cells (A) or plates with no cells (B) followed by incubation for 2 h.
Fluorescence was then measured just prior to addition of CNTs (left panel), 10 min after addition of CNTs (middle panel), and 1 h after addition of CNTs (right panel). Data
from four separate experiments (n = 4), with 2–3 wells within each experiment are presented as fold-effect (relative to zero dose control). Average ﬂuorescence in the zero
dose control wells for cell exposures was 23,400 FU in the presence of A549 cells (A) and 660 FU for wells with no cells (B). Three-way ANOVA with PARTICLE, DOSE,
INCUBATION as factors. PARTICLE  DOSE interaction, p < 0.05; Holm–Sidak test, DOSE within all CNTs, 0 vs 10, 30, 100 lg/cm2, p < 0.001. PARTICLE  INCUBATION
interaction, p < 0.001; Holm–Sidak test, INCUBATION within all CNTs, Before vs 10 min and 1 h post PARTICLE, p < 0.001. DOSE  INCUBATION interaction, p < 0.001; Holm–
Sidak test, DOSE within Before, 0 vs 10, 30 lg/cm2, p < 0.01; DOSE within 10 min and 1 h post PARTICLE, 0 vs 10, 30, 100, p < 0.001.
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chemical quenching of ﬂuorescence by CNT-2 and CNT-4 particles,
accompanied by visually observed decrease in pink color intensity.
The decrease of ﬂuorescence signal may result from the re-oxida-
tion of resoruﬁn (pink) back to non-ﬂuorescent resazurin (blue)
in the presence of CNTs (Monteiro-Riviere et al., 2009), or from
hyper-reduction of resoruﬁn (pink) to a the non-ﬂuorescent hydro-
resoruﬁn (colorless), a phenomenon described before (O’Brien
et al., 2000). The small loss of ﬂuorescence in the presence ofCNT-4 is likely due to hyper-reduction of resoruﬁn as the pink
color of the supernatant was fainter.
Fluorescence quenching of different dyes covalently attached
to single-wall CNTs depends on the properties of surface groups
(inﬂuencing the potential for charge transfer from chromophore
to CNTs), or residual catalytic materials present in the CNTs
(Chiu et al., 2011). The oxidation process used to generate CNT-
2 and CNT-4 markedly reduced the content of residual catalyst
metals and it also introduced polar –COOH groups on the surface
Fig. 3. Removal of optical interference of CNTs by supernatant centrifugation. Resazurin was added to A549 cell cultures, was reduced for 2 h, and aliquots of the spent
supernatant containing the ﬂuorescent resoruﬁn were transferred to a new microplate. The CNTs were then added to the wells. Fluorescence was measured by bottom-
reading of the wells prior to addition of the CNTs (left panel) and 1 h after addition of the CNTs (middle panel). After 2 h incubation with CNTs, aliquots were transferred to a
new plate, clariﬁed by centrifugation, and then transferred to a fresh reading plate for measurement of ﬂuorescence by botton-reading (right panel). Data for three separate
experiments (n = 3), with duplicate wells within experiment are summarized as fold-effect (relative to zero dose controls). Average ﬂuorescence in the zero dose control wells
was 27,000 FU. Three-way ANOVA; PARTICLE  DOSE  INCUBATION interaction, p = 0.024; Holm–Sidak test, ⁄Different from zero dose control, p < 0.05.
Fig. 4. Resazurin reduction by cells following exposure to CNTs, mineral particles, and silica nanoparticles for 24 h (Modiﬁed protocol). A549 cells (A) and J774A.1 cells (B) were
exposed to the particles for 24 h, after which resazurin reagent was added to the culture wells. After 10 min and 2 h, aliquots of culture supernatants were transferred to a
cleaning microplate, which were centrifuged to settle the particles, and the clariﬁed supernatants free of suspended particles were ﬁnally transferred to a reading microplate,
diluted 5-fold with serum-free culture medium, followed by ﬂuorescence top- and bottom-reading. Data are for six (n = 6, A549) or seven (n = 7, J774A.1) independent
experiments with triplicate wells within experiment. Average ﬂuorescence in the zero dose control wells was 3,000 FU for A549 cells (A) and J774A.1 cells (B). Two-way
ANOVA with PARTICLE and DOSE as factors. PARTICLE  DOSE interaction, p 6 0.002; Holm–Sidak test, ⁄Different from zero dose control, p < 0.05.
Table 1
Cytotoxic potency (bV) after 24 h, of test particles in A549 and J774A.1 cells before and after correction for chemical interference (bINT).
Potency CNT-1 CNT-2 CNT-3 CNT-4 TiO2 SiO2 SiNP-1 SiNP-2
bINT 0.0031 0.0002 0.0052 0.0241 0.0003 0.0030 0.0004 0.0017
bVA549 0.0018 0.0313 0.0016 0.0567 0.0050 0.0006 0.0158 0.0311
bVJ774 0.0029 0.0240 0.0167 0.0593 0.0047 0.0201 0.1013 0.6415
bVA549 – bINT 0.0013 0.0315 0.0036 0.0326 0.0053 0.0024 0.0162 0.0328
bVJ774 – bINT 0.0002 0.0242 0.0115 0.0352 0.0050 0.0231 0.1009 0.6432
Potency estimate bV represents the slope of the dose response of resazurin reduction assay.
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likely inﬂuence the ﬂuorescence-quenching ability of the CNTs
and account for the difference between pristine CNT-1 and CNT-
3 vs oxidized CNT-2 and CNT-4, both in their ability to chemically
interact with the ﬂuorescence-based test system, as well as to
induce cytotoxicity. In fact we have noted that oxidized CNTs
were more cytotoxic than their pristine counterparts regardless
of the type of CNTs (single-wall vs multi-wall) when assessed
using the optimized resazurin reduction assay in A549 and
J774A.1 cells. Similar observation was made using the BrdU incor-
poration assay (Kumarathasan et al., 2014). We have also demon-
strated a positive correlation (R2 = 0.95) between relative potency
estimates based on cytotoxicity assays, namely resazurin reduc-
tion and BrdU incorporation with surface polarity of CNTs,
whereas no correlation was observed with surface area or metal
content of CNTs. These results suggest that surface polarity plays
an important role in determining cytotoxicity in this study. We
have also demonstrated signiﬁcant increase in o-tyrosine levels,
a marker of cellular oxidative stress due to reactive oxygen spe-
cies generation, in J774A.1 cells exposed to oxidized CNTs, but
not pristine CNTs (Kumarathasan et al., 2012). These ﬁndings sub-
stantiate the relationship between physicochemical properties of
CNTs and their toxicity properties.
Chemical interference, whether due from particle-mediated
reduction of resazurin to resoruﬁn, re-oxidation of resoruﬁn to res-
azurin, or hyper-reduction of resoruﬁn to hydroresoruﬁn, needs to
be assessed for each material in an acellular system. Correction of
the slope of the dose–response is then simple. We propose here a
model for potency calculation, where bV (slope of cell viability
across particle doses tested) is corrected for bINT (slope of the inter-
ference across particle dose range), by subtraction of the bINT from
bV, providing the unbiased estimate bV-INT. Alternatively, the chem-
ical quench can also be corrected on a dose by dose basis, by divid-
ing fold-effect value in the cellular assay for each particle dose
tested by the fold-effect value of the equivalent particle dose tested
in the acellular assay.
As a ﬁnal note of caution, the pattern of cytotoxic potency for
panels of test material is very sensitive to the assays used. For
example, we have reported before that oxidized single-wall and
multi-wall CNTs were more cytotoxic in the resazurin and the
BrdU assay (decreased incorporation indicating reduced rate of
DNA synthesis), while the pristine single-wall and multi-wall CNTs
were more cytotoxic in the cellular ATP and the LDH release assays
(Kumarathasan et al., 2014). Once potency estimates in the individ-
ual assays were combined into an integrated potency estimate, all
four CNTs displayed similar potencies in A549 and J774A.1 cells;
however, likely driven by distinct biological mechanisms.
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